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ABSTRACT 
C r y s t a l  n u c l e a t i o n  measuremen ts  were  made o n  t h r e e  
l i t h i u m  b o r a t e  c o m p o s i t i o n s  i n  t h e  v i c i n i t y  o f  L i 2 0 . 2 B 2 0 3 .  
A l l  n u c l e a t i o n  measuremen ts  w e r e  p e r f o r m e d  a t  50OoC. 
C e r t a i n  a s p e c t s  o f  t h e  n u c l e a t i o n  b e h a v i o r  i n d i c a t e d  
( t e n t a t i v e l y )  t h a t  i t  p r o c e e d e d  by  a homogeneous 
mechanism. The s t e a d y  s t a t e  n u c l e a t i o n  r a t e  was o b s e r v e d  
t o  h a v e  t h e  l a r g e s t  v a l u e  when t h e  L i z 0  c o n c e n t r a t i o n  was 
s l i g h t l y  i n  e x c e s s  o f  t h e  d i b o r a t e  c o m p o s i t i o n .  The change  
i n  n u c l e a t i o n  r a t e  w i t h  c o m p o s i t i o n  i s  c o n t r o l l e d  by t h e  
v a r i a t i o n  o f  v i s c o s i t y  a s  w e l l  as t h e  change i n  f r e e  e n e r g y  
w i t h  c o m p o s i t i o n .  The v a r i a t i o n  o f  n u c l e a t i o n  r a t e  i s  
e x p l a i n e d  q u a l i t a t i v e l y  i n  t h e s e  t e r m s .  
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I N T R O D U C T I O N  
Homogeneous c r y s t a l  n u c l e a t i o n  i s  a p r o c e s s  o f  e x t r e m e  
s c i e n t i f i c  i n t e r e s t  and t e c h n o l o g i c a l  i m p o r t a n c e  t o  t h e  
f i e l d  o f  g l a s s  s c i e n c e .  I t  i s  f u n d a m e n t a l  t o  t h e  
d e s c r i p t i o n  o f  g l a s s  f o r m i n g  (1). However, gaps e x i s t  i n  
t h e  h a s i c  u n d e r s t a n d i n g  o f  n u c l e a t i o n  phenomena i n  g l a s s e s  
(2,3). The t e c h n o l o g i c a l  s i g n i f i c a n c e  o f  b u l k  c r y s t a l  
n u c l e a t i o n  s tems  f r o m  t h e  c e n t r a l  r o l e  i t  p l a y s  i n  g l a s s  
c e r a m i c  f o r m a t i o n  ( 4 ) .  
P r e v i o u s  s t u d i e s  o f  homogeneous c r y s t a l  n u c l e a t i o n  i n  
s i m p l e  g l a s s  have  i n v o l v e d  s i l i c a t e  c o m p o s i t i o n s  ( 5 - 1 0 )  . 
A l s o ,  i n  a l l  c a s e s  where  q u a n t i t a t i v e  c o m p a r i s o n s  were  made 
b e t w e e n  t h e o r y  and e x p e r i m e n t  (7-lo), t h e  t h e o r e t i c a l l y  
p r e d i c t e d  r a t e s  were  many o r d e r s  o f  m a g n i t u d e  t o o  s m a l l .  
H e r e i n ,  we p r e s e n t  our f i n d i n g s  on t h e  vo lume c r y s t a l  
n u c l e a t i o n  i n  a s i m p l e  b i n a r y  b o r a t e  g l a s s  sys tem.  To o u r  
k n o w l e d g e ,  i t  i s  t h e  f i r s t  s u c h  s t u d y  p e r f o r m e d  and 
r e p o r t e d  i n  t h e  l i t e r a t u r e .  
B o r a t e  g l a s s e s ,  i n  g e n e r a l ,  do n o t  h a v e  t h e  
t e c h n o l o g i c a l  i m p o r t a n c e  o f  s i l i c a t e  g l a s s e s ,  b u t  t h e y  a r e  
o f  g r e a t  i n t e r e s t  s c i e n t i f i c a l l y .  T h i s  i n t e r e s t  s tems i n  
l a r g e  p a r t  f r o m  t h e  s t r u c t u r a l  c o m p l e x i t y  o f  b o r a t e  
g l a s s e s .  A l t h o u g h  t h e r e  i s  n o t  c o m p l e t e  a g r e e m e n t  
c o n c e r n i n g  t h e  s t r u c t u r e  o f  s i l i c a  ( a n d  s i l i c a t e  g l a s s e s ) ,  
t h e  random n e t w o r k  t h e o r y  p r o p o s e d  and s u b s t a n t i a t e d  by 
Z a c h a r i a s e n  ( l l ) ,  and Warren  ( 1 2 , 1 3 )  i s  w i d e l y  a c c e p t e d .  
The S i 0 4  t e t r a h e d r o n  i s  t h e  b a s i c  b u i l d i n g  b l o c k  o f  s i l i c a  
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and s i l i c a t e  g l a s s e s  i n  t h e  t h e o r y .  On t h e  o t h e r  hand ,  
b o r o n  may assume 3 o r  4 f o l d  c o o r d i n a t i o n  i n  b o r a t e  
g l a s s e s .  A l s o ,  i t  i s  b e l i e v e d  t h a t  b o r a t e  g l a s s e s  a r e  
c o n s t r u c t e d  w i t h  t h e  a i d  o f  s e v e r a l  b a s i c  s t r u c t u r a l  u n i t s  
( 1 4 ) .  The number and r a t i o  o f  s t r u c t u r a l  u n i t s  p r e s e n t  i n  
a g i v e n  b o r a t e  i s  a f u n c t i o n  o f  g l a s s  c o m p o s i t i o n .  Thus ,  
b o r a t e  g l a s s e s  e x h i b i t  a much r i c h e r  a r r a y  o f  s t r u c t u r a l  
c o n f i g u r a t i o n s  t h a n  s i  1 i c a t e s .  
I t  m i g h t  be e x p e c t e d  t h a t  t h e s e  s t r u c t u r a l  d i f f e r e n c e s  
c o u l d  p r o d u c e  c o n t r a s t i n g  c r y s t a l  n u c l e a t i o n  b e h l a v i o r  i n  
b o r a t e  and s i l i c a t e  g l a s s e s .  F o r  example ,  t h e  t e n d e n c y  t o  
f o r m  s h o r t - l i v e d  m e t a s t a b l e  c r y s t a l l i n e  s t r u c t u r e s  may  b e  
q u i t e  s e n s i t i v e  t o  t h e  d e t a i l s  o f  g l a s s  s t r u c t u r e .  Such 
a n t i c i p a t e d  p o s s i b l e  f e a t u r e s  s t i m l a t e d  t h e  p r e s e n t  s t u d y .  
EXPERIMENTAL AND AUXILLIARY MEASUREMENTS 
T h r e e  l i t h i u m  b o r a t e  g l a s s e s  were  p r e p a r e d  by  s t a n d a r d  
g l a s s m a k i n g  me thods .  The g l a s s e s  were  c h e m i c a l l y  a n a l y z e d  
( f o r  L i )  w i t h  t h e  a i d  o f  a t o m i c  a b s o r p t i o n  and r e f r a c t i v e  
i n d e x  measuremen ts .  The c o m p o s i t i o n  o f  t h e  g l a s s e s ,  i n  
m o l e  X L i 2 0 ,  were  d e t e r m i n e d  as 33.8 ( d e s i g n a t e d  as g l a s s  
Q), 36.8 ( g l a s s  G), and 38.2 ( g l a s s  H ) .  
The h y d r o x y l  i o n  c o n c e n t r a t i o n  f o r  each  g l a s s  was 
measured  u s i n g  I R  s p e c t r o s c o p y .  It was f o u n d  t h a t .  t h e  OH 
c o n t e n t  o f  t h e  g l a s s e s  were  c o m p a r a b l e ,  and p r e s e n t  i n  l o w  
c o n c e n t r a t i o n  ( - .05 mol X ) .  
X-ray d i f f r a c t i o n  measuremen ts  w e r e  made o f  t h e  
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n u c l e a t e d  g l a s s e s  as w e l l  as o f  t h e  f u l l y  c r y s t a l l i z e d  
g l  asses .  I n  a l l  c a s e s ,  where  c r y s t a l l i z a t i o n  c o u l d  be  
d e t e c t e d  by  X-ray a n a l y s i s ,  t h e  c r y s t a l l i n e  s p e c i e s  was 
i d e n t i f i e d  as  L i20 .2B203 .  
D i f f e r e n t i a l  S c a n n i n g  C a l o r i m e t r y  ( D S C )  measuremen ts  
were  made o f  e a c h  c o m p o s i t i o n  i n  t h e  h e a t - u p  mode f r o m  room 
t e m p e r a t u r e  t o  600°C i n  an a i r  a t m o s p h e r e .  A p o r t i o n  o f  a 
t y p i c a l  D S C  s c a n  i s  shown i n  F i g .  ( l ) ,  where  a h e a t i n g  r a t e  
o f  5 deg.C/min.  was used.  A s i n g l e  e x o t h e r m ,  c o r r e s p o n d i n g  
t o  c r y s t a l l i z a t i o n ,  o c c u r s  a t  a p p r o x i m a t e l y  525°C. A l s o ,  
one n o t e s  t h a t  t h e  g l a s s  t r a n s i t i o n  t e m p e r a t u r e  a p p e a r s  t o  
be  l o c a t e d  i n  t h e  v i c i n i t y  o f  469°C. 
I n  v i e w  o f  t h e  above f i n d i n g s  a n u c l e a t i o n  t e m p e r a t u r e  
o f  500°C was chosen .  G l a s s  samp les ,  f r e e  f r o m  c r y s t a l l i t e s  
as  d e t e r m i n e d  v i a  e x a m i n a t i o n  w i t h  a p o l a r i z i n g  m i c r o s c o p e ,  
were  h e a t e d  i n  p l a t i n u m  b o a t s  u s i n g  a t u b e  f u r n a c e .  The 
f u r n a c e  e m p l o y e d  has  an i s o t h e r m a l  zone c o n s t a n t  t o  1 ° C .  
The s a m p l e s  w e r e  g r o u n d  and p o l i s h e d  a f t e r  r e c e i v i n g  
a p p r o p r i a t e  h e a t  t r e a t m e n t .  They w e r e  p o l i s h e d  t o  a 
t h i c k n e s s  o f  1 2 2 - 2 9 0 p m ,  w h i c h  was a p p r o p r i a t e  f o r  t h e  
maximum c r y s t a l  1 i t e  c o n c e n t r a t i o n  o b s e r v e d .  D iamond s t o p  
c a r r i e r s  w e r e  u s e d  t o  i n s u r e  t h a t  t h e  f a c e s  were  p a r a l l e l  
and f l a t .  Then, t h e  samp les  were  e x a m i n e d  w i t h  t h e  a i d  o f  
an Olympus p o l a r i z i n g  m i c r o s c o p e ,  and a t  l e a s t  1 0  o p t i c a l  
m i c r o g r a p h s  w e r e  o b t a i n e d  f o r  each  sample .  The p a r t i c l e  
number was d e t e r m i n e d  d i r e c t l y  by c o u n t i n g  t h e  c r y s t a l s  i n  
f r o m  6 t o  10 o f  t h e  f r a m e s  f r o m  each  g l a s s .  Know ledge  o f  
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t h e  m a g n i f i c a t i o n  and t h i c k n e s s  o f  t h e  g l a s s  a l l o w e d  t h e  
d e t e r m i n a t i o n  o f  t h e  c r y s t a l l i t e  number d e n s i t y  p r e s e n t  
w i t h i n  i t .  
NUCLEATION M E A S U R E M E N T S  A N D  RESULTS 
N u c l e a t i o n  measuremen ts  a r e  u s u a l l y  p e r f o r m e d  v i a  t w o  
s t a g e  h e a t  t r e a t m e n t s  ( 7 ) .  T h i s  me thod  c o n s i s t s  o f  a l o w  
t e m p e r a t u r e  h e a t i n g  o f  t h e  g l a s s  t o  p r o d u c e  t h e  n u c l e i ,  
f o l l o w e d  by a h i g h  t e m p e r a t u r e  h e a t i n g  t o  grow t h e  n u c l e i  
t o  an o b s e r v a b l e  s i z e .  T h i s  p r o c e d u r e  i s  r e q u i r e d  when t h e  
n u c l e a t i o n  c u r v e  ( I ( T )  vs.  T; where  T i s  t e m p e r a t u r e ,  and I 
t h e  n u c l e a t i o n  r a t e )  h a s  l i t t l e  o v e r l a p  w i t h  t h e  g r o w t h  
c u r v e .  A p o t e n t i a l  d i s a d v a n t a g e  o f  t h i s  m e t h o d  i s  t h a t  
some o f  t h e  n u c l e i  may d i s a p p e a r  when h e a t e d  a t  t h e  g r o w t h  
t e m p e r a t u r e .  T h i s  r e s u l t s  f r o m  t h e  f a c t  t h a t  t h e  c r i t i c a l  
r a d i u s  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  b u l k  f r e e  e n e r g y  
d i f f e r e n c e  b e t w e e n  c r y s t a l  and l i q u i d .  The m a g n i t u d e  o f  
t h e  l a t t e r  i s  s m a l l e r  a t  t h e  g r o w t h  t e m p e r a t u r e ,  and t h u s  
t h e  c r i t i c a l  r a d i u s  i s  l a r g e r  a t  t h e  g r o w t h  t e m p e r a t u r e  
t h a n  a t  t h e  n u c l e a t i o n  t e m p e r a t u r e .  Thus,  t h o s e  p a r t i c l e s  
whose r a d i i  f a l l  b e t w e e n  t h e s e  t w o  l i m i t s  w i l l  d i s s o l v e .  
Hence, u s i n g  a t w o  s t a g e  h e a t  t r e a t m e n t  t e n d s  t o  
u n d e r e s t i m a t e  t h e  n u c l e a t i o n  r a t e .  James ( 7 ) ,  however ,  has  
o b s e r v e d  t h a t  t h i s  i s  n o t  a v e r y  s e r i o u s  p r o b l e m ,  a t  l e a s t  
i n  t h e  c a s e  o f  L i 2 0 . 2 S i 0 2  c r y s t a l  n u c l e a t i o n .  
I n  t h e  p r e s e n t  s i t u a t i o n  t h e  p a r t i c l e s  were  o b s e r v e d  
t o  g row s u f f i c i e n t l y  r a p i d l y  a t  t h e  n u c l e a t i o n  t e m p e r a t u r e  
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t o  g row s u f f i c i e n t l y  r a p i d l y  a t  t h e  n u c l e a t i o n  t e m p e r a t u r e  
s o  t h a t  a s i n g l e  s t a g e  h e a t i n g  s u f f i c e d  t o  d e t e r m i n e  t h e  
p a r t i c l e  d e n s i t y  ( a n d  n u c l e a t i o n  r a t e )  . T h i s  p r o c e d u r e  
d o e s  n o t  s u f f e r  f r o m  t h e  d i f f i c u l t y  d e s c r i b e d  above.  
However ,  t h e  s i n g l e  s t a g e  h e a t  t r e a t m e n t  c o u l d  p o t e n t i a l l y  
l e a d  t o  u n d e r e s t i m a t i o n  o f  t h e  p a r t i c l e  number,  t o o ,  s i n c e  
a c e r t a i n  f r a c t i o n  o f  t h e  n u c l e i  w h i c h  f o r m  w i l l  be  t o o  
s m a l l  t o  o b s e r v e .  F o r  t h e  p r e s e n t  measurements ,  i t  w i l l  be  
d e m o n s t r a t e d  t h a t  t h i s  p r o b l e m  w i l l  i n t r o d u c e  a n e g l i g i b l e  
e r r o r  i n  t h e  s t e a d y  s t a t e  number d e n s i t y  and n o  e r r o r  i n  
t h e  measured  s t e a d y  s t a t e  n u c l e a t i o n  r a t e .  L e t  us  assume 
t h a t  p a r t i c l e s  w i t h  r a d i i  r l e s s  t h a n  ro c a n n o t  b e  
o b s e r v e d .  A l s o ,  one may d i v i d e  t h e  a c t u a l  number d e n s i t y  
o f  p a r t i c l e s  p r e s e n t ,  N t r u e ,  i n t o  t w o  p a r t s ;  N e X p  , t h e  
number d e n s i t y  measured,  and N x  t h e  c o r r e c t i o n  t e r m  due t o  
u n o b s e r v a b l e  p a r t i c l e s .  Thus,  
N t r u e  = Nx + Nexp (1) 
It i s  c l e a r  t h a t  a t  any  t i m e ,  t 
w i t h  t ' : d e f i n e d  b y  
t 
1' (t '  ) d t '  
g ( t - t ' ? )  = ro 
w h e r e  g i s  t h e  c r y s t a l  g r o w t h  r a t e .  S i n c e  I = d N / d t ,  
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I t r u e  = I e x p  + I ( t )  - I ( t ’ - r o / g )  
I f  t h e r e  a r e  n o t  t r a n s i e n t  e f f e c t s  a t  t h e  t e m p e r a t u r e  o f  
measurement ,  t h e n  I ( t - r o / g )  i s  i n d e p e n d e n t  o f  t i m e  and i s  
t h e  t r u e  n u c l e a t i o n  r a t e .  I f  t r a n s i e n t  e f f e c t s  a r e  
p r e s e n t ,  b u t  one o n l y  c o n s i d e r s  t h o s e  e x p e r i m e n t a l  p o i n t s  
c o r r e s p o n d i n g  t o  s t e a d y  s t a t e  n u c l e a t i o n ,  t h e n  I e x p  i s  t i m e  
i n d e p e n d e n t ,  and c l e a r l y  e q u a l  t o  t h e  t r u e  s teadly  s t a t e  
n u c l e a t i o n  r a t e .  Thus, u n o b s e r v e d  p a r t i c l e s  do n o t  
c o n t r i b u t e  t o  t h e  n u c l e a t i o n  r a t e .  
Now t h e  c o r r e c t i o n  t o  t h e  p a r t i c l e  d e n s i t y  i s  
c o n s i d e r e d .  U s i n g  eqs  (1) and ( 2 a ) ,  
However ,  s i n c e  i t  has  been shown t h a t  I ( t )  = I o ( s t e a d y  
s t a t e  r a t e )  f o r  t 5 t*, eq  ( 4 )  r e d u c e s  t o  
w h e r e  eq  ( 2 b )  h a s  been u s e d  and t: i s  t h e  e x p e r i m e n t a l  
v a l u e  o f  t h e  i n t e r c e p t  on t h e  t i m e  a x i s .  I n  t h e  s t e a d y  
s t a t e  r e g i o n  N t r u e  = I o ( t - t c ) ,  where  tc i s  t h e  t r u e  t i m e  
a x i s  i n t e r c e p t  o f  t h e  s t e a d y  s t a t e  l i n e .  Hence, 
a 
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tz = t: - r o / g  ( 5 )  
I t  w i l l  b e  shown s u b s e q u e n t l y  t h a t  t E > >  r o / g ,  and t h u s  
t h e r e  a r e  n e g l i g i b l e  c o r r e c t i o n s  t o  t h e  t i m e  a x i s  
i n t e r c e p t s  and number d e n s i t i e s  a s s o c i a t e d  w i t h  t h e  
e x p e r i m e n t a l  p l o t s .  
The e x p e r i m e n t a l l y  d e t e r m i n e d  number d e n s i t i e s  as a 
f u n c t i o n  o f  h e a t i n g  t i m e  a r e  shown as t h e  p o i n t s  i n  f i g s  
( 2 ) - ( 4 ) .  The s t r a i g h t  l i n e s  r e p r e s e n t  t h e  l e a s t  s q u a r e s  
f i t  t o  t h e s e  d a t a .  F o r  g l a s s e s  H and Q t h e  p o i n t s  f o r  t h e  
l o n g e s t  t i m e s ,  7 5  and 240 m i n u t e s ,  r e s p e c t i v e l y ,  were  
e x c l u d e d  i n  t h e  c a l c u l a t i o n s  o f  t h e  l e a s t - s q u a r e s  l i n e s .  
T h i s  was j u s t i f i e d  by t h e  s i g n i f i c a n t l y  h i g h e r  c o r r e l a t i o n  
c o e f f i c i e n t  v a l u e s  t h u s  o b t a i n e d .  P h y s i c a l l y ,  t h i s  may 
i n d i c a t e  t h a t  a t  t h e  l o n g e s t  t i m e s  s u f f i c i e n t l y  r a p i d  and 
e x t e n s i v e  c r y s t a l l i z a t i o n  o c c u r r e d  t o  r a i s e  t h e  s a m p l e  
t e m p e r a t u r e  above t h e  a m b i e n t  f u r n a c e  t e m p e r a t u r e .  The 
e q u a t i o n s  o f  t h e s e  c a l c u l a t e d  l i n e s  and  c o r r e l a t i o n  
c o e f f i c i e n t s  a r e  shown i n  T a b l e  1. I t  i s  c l e a r  t h a t  t h e  
measuremen ts  c o r r e s p o n d  t o  t h e  s t e a d y  s t a t e  r e g i o n s .  The 
b a r s  on t h e  p o i n t s  c o r r e s p o n d  t o  t h e  r o o t - m e a n - s q u a r e  
e r r o r s  ( s t a n d a r d  d e v i a t i o n s )  o f  t h e  i n d  i v i  dua 1 
measurements .  These w e r e  o b t a i n e d  f o r  each  p o i n t  by t a k i n g  
i n t o  a c c o u n t  t h e  m u l t i p l e  measuremen ts  made f o r  Nv a t  e a c h  
t i m e  c o r r e s p o n d i n g  t o  d i f f e r e n t  o p t i c a l  m i c r o g r a p h s  o f  t h e  
s a m p l e  s e c t i o n .  
The s l o p e s  o f  t h e  c u r v e s  a r e  t h e  s t e a d y  s t a t e  
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n u c l e a t i o n  r a t e s .  They a r e  r e p o r t e d  i n  T a b l e  2, a l o n g  w i t h  
t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e s  o f  t:, t h e  t i m e  a x i s  
i n t e r c e p t s  o f  t h e  number d e n s i t y  vs.  t i m e  p l o t s .  A l s o ,  t h e  
c a l c u l a t e d  e r r o r s  f o r  t h e  l a t t e r  q u a n t i t i e s  a r e  i n d i c a t e d .  
The e r r o r  a n a l y s i s  was p e r f o r m e d  by  u s u a l  s t a t i s t a c a l  
me thods ,  and u t i l i z e d  t h e  c a l c u l a t e d  s t a n d a r d  d e v i a t i o n s  
a s s o c i a t e d  w i t h  e a c h  number d e n s i t y .  
D I S C U S S I O N  
I t  i s  t e m p t i n g  t o  p r o c l a i m  t h a t  t h e  b u l k  n u c l e a t i o n  
o b s e r v e d  i n  t h e s e  l i t h i u m  b o r a t e  g l a s s e s  i s  homogeneous i n  
n a t u r e .  More  n u c l e a t i o n  d a t a  i s  r e q u i r e d ,  however ,  t o  
b o l s t e r  such  a c l a i m .  N e v e r t h e l e s s ,  t h e r e  does e x i s t  one 
s t r o n g  i n d i c a t i o n  t h a t  t h e  c r y s t a l  n u c l e a t i o n  o c c u r r e d  
homogeneous ly ;  name ly  t h e  m a g n i t u d e  o f  t h e  n u c l e a t i o n  
r a t e .  F o r  c o m p a r a t i v e  p u r p o s e s  we r e l y  upon t h e  f i n d i n g s  
o f  James ( 2 ) .  He n o t e d  t h a t  f o r  t h e  few  s i l i c a t e  g l a s s e s  
w h i c h  a r e  b e l i e v e d  t o  n u c l e a t e  homogeneous ly  t h e  r a t i o  o f  
Td, t h e  t e m p e r a t u r e  a t  w h i c h  t h e  n u c l e a t i o n  r a t e  i s  
1 cm-3sec -1  ( b a r e l y  d e t e c t a b l e )  t o  Tm ( t h e  m e l t i n g  
t e m p e r a t u r e )  r a n g e s  f r o m  - 6 2  t o  -66.  F o r  g l a s s  Q, Td/Tm 
0.64, and t h e  measured  n u c l e a t i o n  r a t e  i s  ~ 1 6 5  ~ m - ~ s e c ' l .  
Hence, t h e  n u c l e a t i o n  r a t e  i n  t h i s  g l a s s  i s  c o m p a r a t i v e l y  
l a r g e ,  w h i c h  i s  a l e a d i n g  i n d i c a t i o n  o f  homogeneous 
n u c l e a t i o n .  
From an i n s p e c t i o n  o f  f i g s  ( 2 ) - ( 4 ) ,  i t  i s  no , ted  t h a t  
t h e  N ( t )  p l o t s  do n o t  i n t e r s e c t  t h e  o r i g i n ,  b u t  t h a t  t h e y  
578 
c u t  t h e  t i m e  a x i s  a t  p o s i t i v e  t i m e s  ( s e e  a l s o  co lumn 3 o f  
T a b l e  2 ) .  T h i s  i m p l i e s  t h e  e x i s t e n c e  o f  t r a n s i e n t  
n u c l e a t i o n  e f f e c t s .  However ,  eq ( 5 )  shows t h a t  t h e  a c t u a l  
v a l u e s  o f  t h e  t i m e  a x i s  i n t e r c e p t s  a r e  s m a l l e r  t h a n  t h e  
o b s e r v e d  ones .  Thus, i n  o r d e r  t o  d e m o n s t r a t e  t h e  e x i s t e n c e  
o f  t r a n s i e n t  e f f e c t s  a t  t h i s  t e m p e r a t u r e ,  e s t i m a t e s  must  b e  
made o f  r o / g .  It may b e  r e c a l l e d  t h a t  ro i s  t h e  s m a l l e s t  
v i s i b l e  c r y s t a l l i t e .  I t  i s  e s t i m a t e d  t h a t  r o =  2 p m .  The 
c r y s t a l  g r o w t h  r a t e s ,  g, have  n o t  been measured,  b u t  i t  i s  
p o s s i b l e  t o  o b t a i n  l o w e r  bounds on t h e  g r o w t h  r a t e s  w h i c h  
w i l l  p l a c e  u p p e r  bounds on t h e  m a g n i t u d e  o f  r o / g .  I f  one 
measures  t h e  s i z e  o f  t h e  l a r g e s t  c r y s t a l l i t e  i n  t h e  s a m p l e  
and assumes t h a t  i t s  g r o w t h  s t a r t e d  a t  t=O, t h i s  w i l l  y i e l d  
a l o w e r  bound  on g. Lower  l i m i t s  t o  t h e  g r o w t h  r a t e s  
d e t e r m i n e d  i n  t h i s  manner  a r e  shown i n  co lumn 4 o f  T a b l e  2. 
Then s i m p l e  c a l c u l a t i o n s  show t h a t  r o / g  i s  e v e n  s m a l l e r  
t h a n  t h e  u n c e r t a i n t y  i n  t: f o r  each  g l a s s .  T h i s  
e s t a b l i s h e s  t h e  p r e s e n c e  o f  t r a n s i e n t  e f f e c t s .  
F i n a l l y ,  the change i n  n u c l e a t i o n  r a t e  with 
c o m p o s i t i o n  i s  c o n s i d e r e d .  James ( 1 5 )  has  d i s c u s s e d  t h e  
a n t i c i p a t e d  e f f e c t s  o f  c o m p o s i t i o n  v a r i a t i o n s  upon t h e  
n u c l e a t i o n  r a t e  b a s e d  upon t h e  c l a s s i c a l  n u c l e a t i o n  
e x p r e s s  i on 
I = A / v  e x p  ( -  b u 3 / ( A G V ) 2 k T )  (6) 
I n  eq.  (6), 9 i s  t h e  v i s c o s i t y ,  u i s  t h e  c r y s t a l - g l a s s  
s u r f a c e  t e n s i o n ,  T i s  t h e  t e m p e r a t u r e ,  AGv i s  t h e  b u l k  f r e e  
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e n e r g y  d i f f e r e n c e  b e t w e e n  c r y s t a l  and g l a s s  p e r  u n i t  
vo lume,  k i s  t h e  B o l t z m a n n  c o n s t a n t ,  and A and b a r e  
c o n s t a n t s .  A l t h o u g h  eq ( 6 )  was d e r i v e d  f o r  a one component  
( o r  pseudo one c o m p o n e n t )  s y s t e m  and i t s  use  i s  s t r i c t l y  
n o t  c o r r e c t  f o r  " o f f - c o m p o s i t i o n "  n u c l e a t i o n ,  i t  s h o u l d  be 
c a p a b l e  o f  p r e d i c t i n g  q u a l i t a t i v e  t r e n d s  ( e s p e c i a l l y  if 
t h e  c o m p o s i t i o n  s h i f t  i s  s m a l l ) .  The change i n  t h e  
n u c l e a t i o n  r a t e  w i t h  c o m p o s i t i o n  can  be c o n s i d e r e d  by  
i n s p e c t i n g  t h e  a n t i c i p a t e d  changes i n  fl , AGv,  and u w i t h  
c o m p o s i t i o n .  I f  one c o n s i d e r s  a s m a l l  c o m p o s i t i o n  s h i f t  
away f r o m  a compound i n  a b i n a r y  s y s t e m ,  t h e n  by s t a n d a r d  
t h e r m o d y n a m i c  a r g u m e n t s  ( 1 6 )  i t  can  be shown t h a t  t h e  
m a g n i t u d e  o f  A G ( b u l k  f r e e  e n e r g y  d i f f e r e n c e  b e t w e e n  
c r y s t a l  and l i q u i d )  w i l l  d e c r e a s e .  In o t h e r  w o r d s ,  t h e  
l a r g e s t  t h e r m o d y n a m i c  d r i v i n g  f o r c e  f o r  n u c l e a t i o n  w i l l  
o c c u r  a t  t h e  c o m p o s i t i o n  o f  t h e  compound, and c o m p o s i t i o n a l  
s h i f t s  i n  e i t h e r  d i r e c t i o n  w i l l  t e n d  t o  make AGv ( a n d  t h u s  
I) s m a l l e r .  On t h e  o t h e r  hand, t h e  n u c l e a t i o n  r a t e  i s  a 
m o n o t o n i c a l l y  d e c r e a s i n g  f u n c t i o n  o f  v i s c o s i t y ,  i f  a l l  
o t h e r  p a r a m e t e r s  a r e  h e l d  f i x e d .  T h e r e f o r e ,  c o m p o s i t o n a l  
s h i f t s  w h i c h  d e c r e a s e  ( i n c r e a s e )  w i l l  i n c r e a s e  ( d e c r e a s e )  
I. F o r  b i n a r y  a l k a l i  s i l i c a t e  s y s t e m s  t h i s  i m p l i e s  t h a t  a 
p o s i t i v e  c o m p o s i t i o n a l  s h i f t  ( a d d i n g  more R20) w i l l  t e n d  t o  
i n c r e a s e  t h e  n u c l e a t i o n  r a t e  w h i l e  a n e g a t i v e  s h i f t  w i l l  
have  t h e  o p p o s i t e  e f f e c t .  U n f o r t u n a t e l y ,  n o t  much i s  known 
a b o u t  t h e  c o m p o s i t i o n  dependence o f  u , a l t h o u g h  James 
s p e c u l a t e s  t h a t  i t  w i l l  be  s m a l l e r  i f  t h e r e  i s  no  
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c o m p o s i t i o n a l  s h i f t .  If t h i s  i s  c o r r e c t ,  t h e n  t h i s  w o u l d  
t e n d  t o  e n h a n c e  t h e  n u c l e a t i o n  r a t e  o f  t h e  compound 
c o m p o s i t i o n  i n  c o m p a r i s o n  t o  t h e  r a t e s  o f  c o m p o s i t i o n s  w i t h  
e i t h e r  p o s i t i v e  o r  n e g a t i v e  c o m p o s i t i o n a l  s h i f t s .  
T h e r e  h a v e  been  s e v e r a l  e x p e r i m e n t a l  s t u d i e s  on t h e  
e f f e c t s  o f  c o m p o s i t i o n a l  v a r i a t i o n s  on t h e  n u c l e a t i o n  r a t e  
i n  s i l i c a t e  g l a s s e s  ( 5 , 8 , 9 ) .  G o n t a l e z - O l i v e r  ( 8 )  c o n s i d e r e d  
t h e  i n f l u e n c e  on t h e  n u c l e a t i o n  r a t e  o f  s m a l l  c o m p o s i t i o n a l  
s h i f t s  f r o m  N a 2 0 * 2 C a O = 3 S i 0 2  (NC2S3) g l a s s .  He i n v e s t i g a t e d  
s i x  g l a s s e s ,  e a c h  c o n t a i n i n g  a *1 m o l e %  v a r i a t i o n  o f  one o f  
t h e  m a j o r  c o n s t  i t u e n t  s . The l a r g e s t  e f f e c t  upon  t h e  
n u c l e a t i o n  r a t e  was c a u s e d  by  t h e  Na20 v a r i a t i o n ,  w i t h  a n  
i n c r e a s e  i n  t h e  n u c l e a t i o n  r a t e  f o r  t h e  g l a s s  w i t h  t h e  1% 
e x t r a  Na20 and a d e c r e a s e  i n  I f o r  t h e  -1% Na2O c o n t a i n i n g  
g l a s s .  A l s o ,  i t  was o b s e r v e d  t h a t  t h e s e  g l a s s e s  e x h i b i t e d  
t h e  s m a l l e s t  and l a r g e s t  v i s c o s i t i e s ,  r e s p e c t i v e l y ,  t o o .  
Thus,  f o r  s m a l l  c o m p o s i t i o n  changes f r o m  NC2S3 t h e  
v a r i a t i o n  i n  t h e  n u c l e a t i o n  r a t e  i s  p r i m a r i l y  c o n t r o l l e d  b y  
t h e  v i s c o s i t y  change.  
B u r n e t t  and  D o u g l a s  ( 5 )  i n v e s t i g a t e d  t h e  n u c l e a t i o n  
and  c r y s t a l l i z a t i o n  b e h a v i o r  o f  g l a s s  i n  t h e  Na20-BaO-SiOz 
sys tem.  They a s c e r t a i n e d  t h a t  n u c l e a t i o n  d i m i n i s h e d  as one  
moved f r o m  t h e  s t  o i  c h i  omet r i  c b a r i  um d i  s i 1 i c a t e  
c o m p o s i t i o n .  T h i s  i m p l i e s  t h a t  e i t h e r  a d e c r e a s e  i n  AGv o r  
a n  i n c r e a s e  i n  u i s  t h e  c o n t r o l l i n g  f a c t o r  i n  t h i s  s y s t e m  
r a t h e r  t h a n  t h e  v i s c o s i t y .  
James ( 1 5 )  h a s  c o n c l u d e d  t h a t  f o r  t h e  i n t e r p r e t a t i o n  
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o f  t h e  change  i n  n u c l e a t i o n  k i n e t i c s  w i t h  c o m p o s i t i o n ,  one 
p r o b a b l y  m u s t  t a k e  i n t o  a c c o u n t  a l l  t h r e e  f a c t o r s  
s i m u l t a n e o u s l y  s i n c e  v a r i a t i o n s  i n  t h e  n u c l e a t i o n  r a t e  a r e  
u n l i k e l y  t o  be  a f u n c t i o n  o f  s o l e l y  one o f  t h e  v a r i a b l e s .  
The change i n  n u c l e a t i o n  r a t e  w i t h  c o m p o s i t i o n  n e a r  
t h e  L i 2 O S 2 B 2 0 3  c o m p o s i t i o n  i s  shown i n  T a b l e  2. One 
o b s e r v e s  t h a t  as t h e  L i z 0  c o n t e n t  i n c r e a s e s  t h e  n u c l e a t i o n  
r a t e  f i r s t  i n c r e a s e s  and t h e n  d e c r e a s e s .  The 
i n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s  i s  s u b j e c t  t o  e v e n  more  
u n c e r t a i n t y  t h a n  i n  t h e  p r e v i o u s  c a s e s  b e c a u s e  o f  t w o  
a d d i t i o n a l  unknowns. F i r s t ,  v i s c o s i t y  d a t a  a r e  n o t  
a v a i l a b l e  i n  t h e  h i g h  L i z 0  c o m p o s i t i o n  g l a s s e s  due t o  
t h e i r  r a p i d  c r y t a l l i z a t i o n  r a t e s .  N e x t ,  u n l i k e  t h e  a l k a l i  
s i l i c a t e  g l a s s e s  whose v i s c o s i t i e s  d e c r e a s e  w i t h  
i n c r e a s i n g  a l k a l i  c o n c e n t r a t i o n ,  t h e  c o m p o s i t i o n  
dependence  o f  t h e  v i s c o s i t i e s  o f  t h e  a l k a l i  b o r a t e  g l a s s e s  
e x h i b i t  m i n i m a  and maxima ( 1 7 ) .  D e s p i t e  t h e s e  a d d i t i o n a l  
u n c e r t a i n t i e s  one may p o s t u l a t e  an  e x p l a n a t i o n ,  a l b e i t  
s p e c u l a t i v e ,  o f  t h e  p r e s e n t  r e s u l t s .  A l t h o u g h  t h e  
b e h a v i o r  o f  t h e  v i s c o s i t y  as a f u n c t i o n  o f  c o m p o s i t i o n  o f  
t h e  g l a s s e s  c o n s i d e r e d  h e r e i n  i s  u n c e r t a i n ,  i t  i s  q u i t e  
r e a s o n a b l e  t o  assume t h a t  i t  i s  d e c r e a s i n g  w i t h  i n c r e a s i n g  
L i z 0  c o n t e n t .  T h i s  a s s u m p t i o n  r e s u l t s  f r o m  an i n s p e c t i o n  
o f  f i g  ( 2 )  o f  r e f  ( 1 7 )  w h i c h  shows t h a t  t h e  l o c a l  maximum 
i n  v i s c o s i t y  as a f u n c t i o n  o f  R20 a t  t e m p e r a t u r e s  o f  600, 
700, 800, and 900°C a l l  o c c u r  i n  t h e  r e g i o n  o f  20 mole%.  
T h e r e f o r e ,  a r e a s o n a b l e  e x p l a n a t i o n  o f  t h e  d a t a  i s  as 
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f o l l o w s .  The change  i n  v i s c o s i t y  w i t h  c o m p o s i t i o n  i s  
p r o b a b l y  g r e a t e r  t h a n  t h e  v a r i a t i o n s  i n  AG, o r  u . 
However ,  f r o m  an i n s p e c t i o n  o f  eq. ( 6 )  one n o t e s  t h a t  I i s  
a much more  s e n s i t i v e  f u n c t i o n  o f  AG o r  u t h a n  o f  rl . 
T h e r e f o r e ,  a l t h o u g h  t h e  change i n  rl i s  p r o b a b l y  d o m i n a n t  
o v e r  t h e  e n t i r e  c o m p o s i t i o n  r e g i o n ,  t h e  s t r o n g  dependence  
o f  I on AG and  is d o m i n a n t  f o r  l a r g e r  c o m p o s i t i o n  
v a r i a t i o n s  c a u s i n g  an  e v e n t u a l  d e c l i n e  i n  n u c l e a t i o n  
r a t e .  T h i s  a r g u m e n t  c a n  b e  g i v e n  f u r t h e r  c r e d e n c e  by an 
i n s p e c t i o n  o f  t h e  b e h a v i o r  o f  t h e  t r a n s i e n t  t i m e ,  T ( 1 8 ) .  
I t  i s  e a s y  t o  d e m o n s t r a t  t h a t  T f o l l o w s  t h e  b e h a v i o r  of tc 
( i . e .  T d e c r e a s e s  when tc d e c r e a s e s ) .  T h e r e f o r e ,  f r o m  
co lumn 3 o f  T a b l e  2, one c o n c l u d e s  t h a t  T d e c r e a s e s  as t h e  
L i z 0  c o n c e n t r a t i o n  i n c r e a s e s .  However ,   has t h e  f o l l o w i n g  
dependence upon t h e  c r u c i a l  p a r a m e t e r s  tl,AGv, and u ( 1 5 ) ,  
S i n c e  7 d e c r e a s e s  w i t h  i n c r e a s i n g  c o m p o s i t i o n ,  t h e  
v i s c o s i t y  change  mus t  p r e d o m i n a t e  s i n c e  AG d e c r e a s e s  and 
i s  b e l i e v e d  t o  i n c r e a s e .  Thus, t h e  b e h a v i o r  o f  t h e  
t r a n s f e n t  t f m e  w i t h  c o m p o s i t i o n  i s  c o n s i s t e n t  w i t h  our 
i n t e r p r e t a t i o n  o f  t h e  v a r i a t i o n  o f  t h e  n u c l e a t i o n  r a t e  
w i t h  i n c r e a s i n g  L i 2 0  c o n t e n t .  
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S U M M A R Y  
The b u l k  n u c l e a t i o n  o f  t h r e e  g l a s s  c o m p o s i t i o n s  i n  
t h e  v i c i n i t y  o f  L i 2 0 -  ZB2O3 was examined .  S t e a d y  s t a t e  
n u c l e a t i o n  r a t e s  were  d e t e r m i n e d  as  a f u n c t l o n  o f  
c o m p o s i t i o n ,  and i t  w a s  o b s e r v e d  t h a t  a t  + 3% c o m p o s i t i o n  
v a r i a t i o n s  i n  L i z 0  caused  an i n c r e a s e  i n  r a t e  b u t  la +4.2% 
i n c r e a s e  i n  L i z 0  e v o k e d  a d e c l i n e  i n  n u c l e a t i o n 1  r a t e .  
T h i s  b e h a v i o r  c o u l d  be p l a u s i b l y  e x p l a i n e d  i n  t e r m s  o f  t h e  
c o m b i n e d  e f f e c t s  o f  v i s c o s i t y ,  f r e e  e n e r g y ,  and s u r f a c e  
t e n s i o n  changes.  I t  was o b s e r v e d  t h a t  t h e  n u c l e a t i o n  
e x h i b i t e d  t r a n s i e n t  b e h a v i o r  f o r  a l l  c o m p o s i t i o n s .  
F i n a l l y ,  e v i d e n c e  was p r o v i d e d  w h i c h  l e d  one t o  s u s p e c t  
t h a t  t h e  n u c l  e a t  i on o c c u r  r e d  homogeneous ly  . However ,  
a d d i t i o n a l  s t u d i e s  a r e  r e q u i r e d  t o  c o n f i r m  t h i s  
c o n j e c t u r e .  
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TABLE 1 
F I T  OF EXPERIMENTAL N U M B E R  DENSITY DATA 
M o l e %  E q u a t i o n  o f  l i n e  
G l a s s  L i  70 ( F i g s  ( 2 ) - ( 4 ) )  
Q 3 3 . 8  Nv = . 8 6 t  - 7 2 . 3 4  
G 3 6 . 8  Nv = 1 . 6 9 2 t  - 3 1 . 7 3  
H 3 8 . 2  N, = . 2 5 t  - 1 . 3 7  
C o r r e l a t i o n  
- Coe f f i c i e n  t 
0 9 4 3  
0 9 7 9  
0 9 9 5  
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TABLE 2 
S U M M A R Y  OF EXPERIMENTAL RESULTS 
Lower L i m i t  t o  
G l a s s  Growth R a t e  
( M o l e %  Lisa) N u c l e a t i o n  R a t e  (crn3-min) ' l  t: (mi  n )  ( p m / m i n )  
0 
( 3 3 . 8 )  
G 
( 3 6 . 8 )  
H 
( 3 8 . 2 )  
( 1 . 6 9  i . 2 6 )  X 104 
( - 2 5  i . 0 3 )  X l o 4  
84  f 4.4 
19 2 
5.6 f 1.9  
. 7 3  
3.5 
4 . 2  
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360 400 440 480 520 560 600 
TEMPERATURE, "C 
F i g u r e  1 D i f f e r e n t i a l  S c a n n i n g  C a l o r i m e t r y  s c a n  o f  
g l a s s  H ,  h e a t e d  i n  a i r  a t  a r a t e  o f  ! i °C/min.  
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F i g u r e  2 C r y s t a l  number d e n s i t y  as a f u n c t i o n  o f  t i m e  
f o r  g l a s s  Q ( 3 3 . 8  m o l e %  L i 2 0 ) .  G l a s s  was 
h e a t e d  a t  50OOC. 
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k / 
0 10 20 30 40 50 60 
TIME, min 
F i g u r e  3 C r y s t a l  number d e n s i t y  a s  a f u n c t i o n  o f  t i m e  
f o r  g l a s s  G ( 3 6 . 8  m o l e %  L i p O ) .  G l a s s  was 
h e a t e d  a t  5 0 O O C .  
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5 
0 
I I I ' I '  
~~~~~ 
10 20 30 40 50 60 70 80 
TIME, min 
F i g u r e  4 C r y s t a l  number d e n s i t y  as a f u n c t i o n  o f  t i m e  
f o r  g l a s s  H ( 3 8 . 2  m o l e %  L i 2 0 ) .  G l a s s  was 
h e a t e d  a t  5 0 0 O C .  
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